Feral and domesticated honey bees were collected across the island state of Tasmania, Australia, and typed for malate dehydrogenase and a mitochondrial DNA polymorphism. They were also compared morphometrically with reference specimens of Apis mellifera ligustica and A. m. mellifera from Europe. These measures were correlated with temperature and elevation. In warmer coastal regions, the two subspecies readily hybridize and most samples showed evidence of considerable hybridization. In cooler mountain regions, there is much less hybridization, with the A. m. mellifera subspecies characteristics strongly predominating. There is no evidence for cytonuclear incompatibilities between these subspecies or for dines caused by direct selection. We hypothesize that A. m. ligustica and F1 hybrids have lower fitness than A. m. mellifera in cooler regions, and that there may be assortative mating in cooler regions only. The significance of these results for the understanding of honey bee hybrid zones in Europe is discussed.
Introduction
Understanding how two adjoining subspecies maintain their identity is of considerable interest because the phenomenon may represent an early stage of speciation (Barton & Hewitt, 1985) . Two situations have to be considered: (i) when adjoining subspecies have evolved parapatrically, and (ii) when adjoining subspecies have diverged allopatrically but have become reunited by secondary contact. The first case is the normal consequence of genetic drift and selection resulting in genetically distinct populations. The second case is much more interesting as there is the potential for competition between two expanding subspecies which are already genetically distinct. In some cases this may lead to the displacement of one subspecies by the other, the merging of the two (Moore, 1977) or, if speciation has proceeded far enough, a hybrid zone may develop characterized by coincident dines for the *Correspondence 315 malate dehydrogenase, mitochondrial DNA, characters differentiating the two subspecies. Equally fit alleles may diffuse across the hybrid zone. The width of the dine will depend on how recently the contact was made and the rate of dispersal of individuals (Endler, 1977) .
If the fitness in F1 hybrids of the two subspecies differs from that of parents, a hybrid zone, or tension zone, may become virtually permanent, impeding gene flow between adjoining subspecies for many generations (Moore, 1977; Moore & Buchanan, 1985) . The width of such a zone depends not only on the rate of dispersal, but also on the relative fitness of F1s (Hewitt, 1988) . Following Bazykin (1969) the model of Barton & Hewitt (1985) requires hybrid unfitness (from the breakdown of coadapted gene complexes or abnormalities in chromosomal pairing in F1s) but no environmental gradient for the maintenance of hybrid zones. In contrast, Moore (1977) and Moore & Buchanan (1985) show that permanent hybrid zones can result from heterosis in F1s, coupled with an environmental gradient in which F1s are fitter than either parent within the zone of intermediate ecology between the native ranges of the parental subspecies.
The western honey bee Apis mellifera is native to Europe, Africa and western Asia. This broad geographical distribution has resulted in the evolution of three distinct evolutionary branches: western European (M), northern Mediterranean (C) and African (A).
These branches were initially discovered using morphometrics (Ruttner et a!., 1978; Ruttner, 1988) and have been largely confirmed by mitochondrial DNA studies (Smith, 1991; Garnery, 1992; Gamery et a!., 1992) . As defined by morphometrics, these branches represent one to eight subspecies including A. m. mellfera (branch M) and A. m. ligustica (branch C). In northern Italy, these two subspecies have formed a contact zone which has been well characterized by allozyme and morphometric studies (Comuet, 1983;  Badino et a !., 1983 , 1988a Comparini & Biasiolo, 1991; Nazi, 1992; Meixner eta!., 1993) . This contact zone provides an ideal system for studying a secondary contact between two formerly allopatric subspecies. Because of the high level of genetic divergence between mellifera and ligustica, there are morphological, mitochondrial and allozyme markers available to discriminate between them (reviewed by Oldroyd et a!., 1992) . Secondly, these two subspecies have been exported to many places around the world during the past century, providing opportunities to study artificial contact zones in new environments.
Tasmania (Australia) is such a new environment. In 1831, a first Apis mellifera colony was introduced from Great Britain, presumably of the subspecies mellifera. By 1860, honey bees were apparently feral and widespread throughout the island (Ayton, 1977) . The first reputedly 'Italian' (A. m. ligustica) bees were introduced to the island more than 50 years later in 1884 (I-I. Ayton, personal communication Here, we report on the genetic structure of the honey bee population of Tasmania, using morphometrics and malate dehydrogenase as nuclear markers, and mitochondrial DNA RFLPs as cytoplasmic markers. 'Pure' A. m. ligustica and A. m. mellifera are generally identifiable by malate dehydrogenase (Mdh) allele frequencies (Cornuet, 1983) and mt-DNA RFLPs (Garnery, 1992) . Studies which simultaneously examine nuclear and cytoplasmic markers (cytonuclear systems) provide the opportunity to obtain insight into the nature of the hybridization process (Arnold, 1993) . As climes correlated with environmental temperature have been reported for morphometric characters (Ruttner, 1988; Daly et al., 1991) and Mdh allele frequencies (Nielson eta!., 1994) we looked for significant correlations between genetic markers and environmental temperature. By these means, we attempt to determine if the observed dines are environmentally induced or are the result of a contact zone. In the light of these analyses, the coexistence of the two subspecies in Tasmania and in contact zones in Europe are discussed.
Materials and methods

Field collections
Collections were made from individual colonies across Tasmania (Fig. 1 ). Bees were caught outside colonies in sweep nets or by aspiration, or if the colony was in a moveable frame hive, by scraping bees off honey combs. Bees were killed immediately by freezing in liquid nitrogen. For each colony, about half the bees were preserved in liquid nitrogen and half in ethanol.
Except for a collection from commercial colonies originating from Mole Creek, all bees were feral. Feral colonies were defined as those that met at least one of the following criteria: (i) colonies in tree hollows (nine colonies); (ii) recently hived swarms that had not been requeened (24 colonies); and (iii) colonies in neglected or abandoned apiaries where the owner or apiary inspector stated that there had been no queen replacement by the beekeeper for at least 10 years (63 colonies). Up to 12 colonies were sampled at any one site, but more usually three to seven (Fig. 1) .
In addition to feral colonies, bees were sampled from 20 colonies at Tarraleah. The apiary was established in 1969 from feral bees from the surrounding eucalyptus forest by L. Slater (Ayton, 1977) .
Because Ruttner (1976) reported that the morphology of the bees of Tarraleah 'corresponds almost exactly to the original bee from north-west Europe', the area surrounding Mr Slater's apiary has been declared a sanctuary for the preservation of the bees which are thought to be an isolated population of A. mellifera mellifera. However, the sanctuary has little legal force and is not geographically isolated. Mr Slater does not undertake any selection or queen production. The bees numerous in the area (L. Slater, personal communication). We therefore included bees from Mr Slater's apiary in the feral population for the analyses below.
A further 14 colonies were sampled from a commercial apiary as an example of typical commercial stock. Samples from the commercial apiary were of daughters of different queens.
Mitochondrial DNA RFLPs
Total nucleic acid was extracted from the thorax of one bee per colony in an adaptation of a cell lysis method outlined in Sambrook et al. (1989) and the tubes gently inverted 50 times. Tubes were then centrifuged at 15000 g for 15 mm to precipitate a viscous pellet. Pellets were removed using wide-bore pipette tips. The remaining solutions were extracted twice, first with 200 uL chloroform/isoamyl alcohol (24:1), followed by pure chloroform. DNA was then precipitated in two volumes (about 600 juL) of ice-cold absolute ethanol, followed by resting at -70°C for 15 mm and centrifugation for 10 mm at 15000 g (4°C).
Supernatants were then discarded and the pellets rinsed in 70 per cent ethanol and resuspended in 1 x TE buffer.
Aliquots (15 tL) of total DNA preparations were digested with EcoPJ according to the manufacturer's directions (Boehringer Mannheim, Sydney). These enzymes cleave honey bee mitochondrial DNA at specific sequences which produce patterns of restricted DNA considered to distinguish A. m. melhfera from A. m. ligustica/carnica type bees (Smith & Brown, 1990; Sheppard et a!., 1991) . Digested DNA was electrophoresed in 1 per cent agarose gels at 60 V for 3 h and visualized by staining with ethidium bromide (Oldroyd eta!., 1992) .
Protein electrophoresis
Thoraces of 12 bees per colony were each ground in 100 4uL of water. These extracts were electrophoresed for 20 min n cellulose-acetate gels (Helena Laboratories, Beaumont, TX) at 200 V in a 0.08 M Tris-EDTA-maleic acid running buffer (pH 8.2). Malate dehydrogenase isozymes (Sylvester, 1976) were visualized by coating gels with 6 mL 1 per cent molten agar to which 0.6 mL 0.1 M Tns-HCI (pH 8.0), 0.4 mL each of 0.04 M nicotinamide adenine dinucleotide and 1 M disodium malate (pH 7.0), and 0.2 mL each of 0.145 M methyl-thiazole blue and 0.06 5 M phenazine methosulphate had been added (Cornuet, 1979) . Three alleles were scored as fast, medium and slow according to the amount of anodal migration. These alleles correspond to Mdh65, Mdh8° and Mdh'°°, respectively, of Sheppard & Berlocher (1984) . Where genotypes were ambiguous, they were rerun against known standards on the same gel. Although there are additional Mdh alleles in some populations (e.g. Badino et al., 1983; Sheppard & Berlocher, 1984 , they were not observed in this study.
Morphology
The standard character set for the USDA-ID (Rinderer eta!., 1993 ) morphometric determination of honey bee race was measured on 10 bees from each colony.
Reference data sets from A. m. mellifera and A. m. ligustica were obtained from N. Koeniger (Institut für Bienenkunde, Oberursel, Germany). From the 18 characters common to both data sets, a factorial discriminant analysis was perfonned (Oldroyd et a!., 1992) , which produced discriminant functions that were then used to classify the bees of the present 
Environmental temperatures
Mean temperature minima (Tmin) and maxima (Tmax) for the coldest (July) and warmest (February) months were obtained from the Australian Bureau of Meteorology for the nearest weather station to each collection site (Fig. 1) .
Results
Mitochondrja/ DNA
After digestion with EcoRI, two different haplotypes were found, one characteristic of A. m. ligustica/ carnica and the other of A. m. melhfera (Smith & Brown, 1990; Sheppard et al., 1991) . The feral populations sampled were divided into seven groups according to geographical location and elevation (Fig. 1) . The relative frequencies of the two EcoRl haplotypes for these seven groupings are given in Fig. 2 . The mellifera haplotype was at highest frequency in populations at higher elevation at Queenstown and Tarraleah. The carnica/ligustica haplotype was at highest frequency in the commercial population whereas bees that were collected in coastal areas had an intermediate frequency of the two types. The proportion of haplotypes was significantly heterogeneous among the seven feral populations (x = 19.5, P 0.003).
The frequency of the mellifera haplotypes in the population of colonies closest to each of the weather stations in Fig. 1 was computed and normalized with an arcsine Jx transformation as raw proportions data are not normally distributed (Steel & Torrie, 1980) . There was no significant correlation between haplotype frequency and elevation or temperature (Table 1) , probably because of the high frequency of the carnica/ ligustica mitotype at Tullah.
All Md/i allele frequency data were normalized using an arcsine ,Jx transformation before analysis of correlation or variance. The frequencies of the three Md/i alleles were heterogenous (slow allele P =0.000 1, medium allele P = 0.000 1, fast allele P = 0.1, ANOVA of the seven feral populations) over the island (Fig. 2) . This heterogeneity was significantly associated with temperature (Table 1 ). The frequency of the medium allele was negatively correlated with temperature, the frequency of the slow allele positively correlated with temperature and the frequency of the fast allele was uncorrelated with temperature (Table 1 ). Slow and medium allele frequencies were also significantly correlated with elevation, which was significantly correlated with Tmj and Tmax in all months (P <0.05).
o ustica When multiple tests of individual significance of correlation are performed, there is a danger of incorrectly declaring significance because of type I error. Therefore a sequential Bonferroni test (Rice, 1989) was performed on the correlations of Table 1 . This test adjusts the probability that would be declared significant according to the number of simultaneous comparisons made. Because of the large number of correlations and low power of the test, this more conservative analysis did not reveal any significant correlations with an overall significance level of 5 per cent. Therefore, in a separate analysis, all environmental variables were combined into the first factor from a principal component analysis. By reducing the number of correlations examined simultaneously to five (Table 1 ) the type I error rate is reduced. The sequential Bonferroni test was performed on these five correlations and revealed that the slow allele frequency and the average discriminant score were significantly (P <0.05) correlated with factor 1. The medium allele frequency was only marginally significant (P <0.1).
Mdh genotype frequencies were tested for departures from Hardy-Weinberg equilibrium for each of the seven feral and one commercial populations using the algorithm of Guo & Thompson (1992) (Rice, 1989) of correlations between factor 1 and the 5 genetic parameters.
by queen genotype in cases where several workers are sampled per hive. There were no significant departures from Hardy-Weinberg equilibrium for any subpopulation (P> 0.5) or overall (P> 0.99).
Morphology
Colonies were classified according to their disciminant score as being more similar to A. m. meiifera or A. m. ligustica reference collections using the discriminant function described in Oldroyd et a!. (1992) . Nearly all bees were more similar to A. m. mellifera reference specimens than to A. m. ligustica reference specimens.
Only commercial bees and a few collections from the north coast area were more similar to ligustica reference specimens than to mellifera ones (Fig. 2) .
No Tarraleah bees were classified as being more similar to the ligustica reference specimens, all being classified as being of the mellifera type (Fig. 3) . These results suggest that the mellfera-type morphology is conserved in the Tarraleah bees. The commercial bees sampled appear to be predominantly ligustica, but with some overlap with the mellifera type.
A cross validation study was conducted to examine population subdivision on the eight (seven feral and one commercial) populations in Tasmania at the Table 2 ) showed significant negative individual correlation with February Tmin, July Tmax and July Tmjn, namely legs were significant negative individual correlations with February Tmjn, July Tm and July Tmm, namely legs were 2) showed a number of significant negative correlations with temperature, suggesting larger bees in cooler areas. When all individual correlations were considered with the sequential Bonferroni test, there were no significant correlations at the 5 per cent level (Table 2) . Even when the environmental variables were combined into a single factor score, wax mirror width B was the only individual morphometric measure to be significantly correlated with the combined environmental variables.
Associations among genetic markers
Within the feral population (110 colonies analysed) there was no significant association between bees classified as being more mellifera or ligustica-like on (Oldroyd eta!., 1992) and 95 per cent confidence ellipses drawn by the method of Cornuet (1982) . The Tarraleah and commercial populations were then classified by this analysis. The Tarraleah population lies within the mellifera reference specimens whereas the commercial bees have evidence of hybridization between the two types.
the basis of morphology and their mitochondrial haplotype (F> 0.25, d.f. = 1, G-test of homogeneity). However, there were strong associations between discriminant score and colony frequency of the three Mdh alleles (fast allele, r= -0.41, P<0.001; medium, r0.60, P<0.00l; slow, r= -0.53, P<0.0001).
A nonrandom association of mtDNA and allozyme genotypes exists across the island (Table 3) . Asmussen et a!. (1987) provide statistics to partition such disequilibrium between nuclear and mtDNA markers to make inferences about the process of hybridization between two subspecies. They define an allelic disequilibrium (D) which measures overall associations between the nuclear and mtDNA genotypes, and three genotypic disequilibria (D1, D2, D3) which correspond to associations between two mtDNA genotypes, and three nuclear genotypes. We computed these D statistics after pooling the fast and slow alleles (Table  4) . Again, there were highly significant associations between the nuclear and mtDNA markers (P = 0.0042, Fisher's exact test). Examination of the D values reveals that in homozygous medium individuals, there was a higher than expected frequency of the mellifera mitotype whereas in heterozygous medium individuals, there was a lower than expected frequency of the mellifera mitotype.
Discussion
Of the parameters measured, the best overall measure of racial type is morphology because of the variety and extremely high heritability of the characters used . According to this criterion, the feral bees of Tasmanian appear strongly mellzfera-like in the cooler regions at Queenstown and Tarraleah, and more lugustica-like in warmer north-coastal regions (Fig.  2) . The commercial bees sampled were more ligustica -like than mellifera-like in their morphology (Fig. 2) and all other measures (Figs 2 and 3) . The distribution of mitochondrial DNA haplotypes and Mdli allele frequencies suggest that hybridization between A. m. mellifera and A. m. ligustica is extensive, particularly in coastal areas. The mating biology of the species and the fact that all subpopulations were in Hardy-Weinberg proportions suggest that all populations were random mating. At Queenstown and Tarraleah, there is only a slight influence of ligustica genotypes as revealed by low mt-DNA and Mdli markers normally associated with A. m. ligustica, and the significant D values (Table  4 ).
This heterogeneity in the population is not caused by physical separation of coastal and highland populations. The major honey-producing areas of Tasmania are in the western highlands (the Queenstown and Tullah sample sites are within this area), and tens of thousands of commercial bee colonies are moved into the area for summer production. Thus although the commercial colonies are moved in after the swarming season, large numbers of ligustica-type drones are present in the area every year, providing the opportunity for hybridization. Given that Africanized bees were able to spread through south and central America at the rate of 200-400 km per year (Taylor, 1977) , the 100 years of active propagation of ligustica-type bees by apiarists would seem enough time for ligustica alleles to become widely spread across the 300 km long island unless there are genetic impediments to that spread.
We conclude that A. m. mellifera and A. m. ligustica form hybrids which have fitness equal to or greater than that of the parents in coastal environments. Gene flow occurs between the commercial, predominantly ligustica population into the feral, predominantly mellifera population on the coast, but is restricted in cooler regions where there is a very large feral population of A. in. mellifera. We speculate that the fitness of A. m. ligustica and ligustica/mellifera hybrids is lower than that of 'pure' A. m. mellifera in cooler regions. There is some exchange of selectively neutral mitochondria between the populations, but less movement of the Mdh alleles which may not be selectively neutral in different climates (Nielson et a!., 1994; (Rice, 1989) of correlations between factor 1 and the 12 morphoinetric measures. genes between the two populations (Barton & Hewitt, 1985) . In the absence of fitness differences, the width of such zones should increase proportionally to the number of generations, G, since contact and the variance of the dispersal distance of the subject organism per generation, a2, such that W, the width of the clime, is given by: WJ(G2rr/u) (1) (rearranged from Barton & Hewitt, 1985) .
If we assume contact between A. m. mellifera and A. m. ligustica approximately 10000 years ago (after the last glaciation), then G =about 10000. If honey bee swarms disperse at 0-2 km per generation (Lindauer, 1961) , then a is probably about 1. According to eqn 1 an approximately 250 km wide hybrid zone should exist between the two subspecies in Europe. This fits fairly well with the observed width (Cornuet, 1983; Badino et a!., 1983 Badino et a!., , 1984 Badino et a!., , 1988a Comparini & Biasiolo, 1991; Nazi, 1992; Meixner et al., 1993) , but cannot explain the apparent racial admixture in Tasmania, where there is artificial mixing of genotypes by beekeepers.
Alternative hypotheses to explain hybrid zones relate to hybrid dysfunction or superiority in the narrow environment of the tension zone. Harrison & Hall (1993) suggested that incompatibilities between mitochondria and cytoplasm in the European and African bees might reduce hybridization between European and Africanized populations. A mechanism such as this is required for the formation of a 'tension zone' (Barton & Hewitt, 1985) . Our data show that such a mechanism is not operating in Tasmania. Even at the coldest, most isolated site (Tarraleah) the ligustica mitotype was identified in a colony that was strongly mellifera-like in terms of morphology and Mdli allele frequency. Such colonies can only exist after repeated generations of backcrossing and should be eliminated if a significant incompatibility exists between ligustica mitochondria and the mellifera nuclear genome (Rinderer eta!., 1991) .
Inter-racial crosses between honey bees generally result in increased fitness in F1s (Cale & Gowen, 1956; Ruttner, 1968; Oldroyd et a!., 1985) . Therefore hybrid depression in a tension zone is unlikely to impede gene flow between these subspecies. Thus we can eliminate both popular explanations of hybrid zones (recent contact and hybrid dysfunction; Hewitt, 1988) Restriction of gene flow between populations may also result from assortative mating. Koeniger et a!. (1989) found assortative mating between A. m. ligustica and A. m. carnica in the Austrian Alps. We hypothesize that mellifera drones and queens will fly in cooler weather than ligustica-type drones and queens, at least in Tasmania. This would reduce inter-racial mating in cooler areas, but allow hybridization in the coastal areas. If this hypothesis is correct, then the maintenance of the zones of hybridization and the lack of gene flow between A. m. carnica, A. m. ligustica and A. m. mellifera in the European Alps may be explained by this same phenomenon. Nielson et a!. (1994) demonstrated that on three continents, the frequency of the Mdh fast allele is positively correlated with average environmental temperature, the frequency of the medium allele negatively correlated with temperature and the frequency of the slow allele only weakly correlated with temperature. In contrast, we found only a weak negative corre-lation between temperature and medium allele frequency, but a significant correlation with frequency of the slow allele. Nielson et a!. (1994) argued that the existence of parallel climes for Mdli relative allele frequency associated with environmental temperature in Spain, Brazil and California is strong evidence for direct selection on the allelic forms. Cornuet et a!.
(1994) demonstrated differing in vitro thermostabilities of the allelic forms thus suggesting a mechanism by which selection could act to develop such dines. Our results also show that Mdh allele frequency and discriminant scores are correlated with environmental temperature in Tasmania (Tables 1 and 2 ). However, this is not evidence for direct selection on allelic frequency or the lengths and sizes of various appendages. Rather, our correlations seem to result from an abrupt change from the mellifera-type on the highland sites to a hybridized ligustica -type on the (particularly northern) coast. This explanation accounts for the correlation of discriminant score with environmental variables that must otherwise be explained by selection, which seems unlikely . But, the lack of a selectively based clime for the medium allele in Tasmania does not preclude the existence of such climes within racial groups elsewhere. However, at least in Brazil, Italy and Spain, the dines may be equally explained by competitive displacement of racial types.
Finally, our morphological and molecular data support the findings of Ruttner (1976) which suggest that the Tarraleah population is a well preserved population of A. melhfera mellfera, having only a weak genetic component derived from other sources.
